A well-defined mechanism governs the maturation of most microRNAs (miRNAs) in animals, via stepwise cleavage of precursor hairpin transcripts by the Drosha and Dicer RNase III enzymes. Recently, several alternative miRNA biogenesis pathways were elucidated, the most prominent of which substitutes Drosha cleavage with splicing. Such short hairpin introns are known as mirtrons, and their study has uncovered related pathways that combine splicing with other ribonucleolytic machinery to yield Dicer substrates for miRNA biogenesis. In this review, we consider the mechanisms of splicing-mediated miRNA biogenesis, computational strategies for mirtron discovery, and the evolutionary implications of the existence of multiple miRNA biogenesis pathways. Altogether, the features of mirtron pathways illustrate unexpected flexibility in combining RNA processing pathways, and highlight how multiple functions can be encoded by individual transcripts.
Introduction
The past decade has seen an explosion in the diversity of processing pathways that generatẽ 20-30 nucleotide (nt) regulatory RNAs, including the microRNA (miRNA), small interfering RNA (siRNA), and Piwi-interacting RNA (piRNA) pathways [1] . All of these pathways have intimate connections with double-stranded RNA (dsRNA) for biogenesis and/or functional activity. They are further linked in that the resultant mature small RNAs are loaded into Argonaute family proteins, and guide them to target transcripts. The Argonaute proteins can be broadly grouped into the AGO and Piwi clades; miRNAs and siRNAs associate with the former and piRNAs with the latter [2] .
The most widely-studied class of Argonaute cargoes are the ~22 nt miRNAs, which typically number in the hundreds amongst well-studied model systems [3] . Plant miRNAs typically exhibit extensive or perfect complementarity to targets, with individual miRNAs usually regulating one or a few targets, with strong bias for transcription factors [4, 5] . However, animal miRNAs can regulate transcripts bearing as little as 7 nt complements to their 5' ends [6] [7] [8] , with the result that many animal miRNAs have captured hundreds of conserved targets [9] . Consequently, almost all biological processes in animal cells are conceivably under miRNA control, a fact that has provoked a torrent of miRNA research. Indeed, the deregulation or dysfunction of miRNAs has been extensively linked to developmental aberrations, physiological and behavioral abnormalities, and cancer [10] . We have recently compared and contrasted plant and animal miRNA pathways [5] , and focus here on animal systems.
Biogenesis of canonical miRNAs
The biogenesis of canonical animal miRNAs involves stepwise cleavage of longer primary miRNA (pri-miRNA) transcripts ( Figure 1A ). Pri-miRNAs are typically (although not exclusively) transcribed by RNA polymerase II, and they contain one or more inverted repeats that are substrates for miRNA production. About one third of miRNA genes are located in the introns of protein-coding genes; these are overwhelming found on the sense strand, implying some linkage of miRNA and host mRNA transcription [11, 12] . It is often assumed that intronic miRNAs are processed from spliced introns. However, in cases where it has been examined closely the miRNA hairpin were actually cleaved first, followed by splicing of the severed mRNA [13] .
Pri-miRNA cleavage occurs near the base of the hairpin stem, and is executed in the nucleus by the Drosha RNase III enzyme and its dsRNA binding partner DGCR8 (also known as Pasha in invertebrates). One model posits that DGCR8 identifies the junction between single-stranded and double-stranded regions at the hairpin base, thereby positioning Drosha to cleave ~1 helical turn into the stem [14] ; the influence of the terminal loop in regulating Drosha cleavage has also been raised [15] . Drosha cleavage releases a pre-miRNA hairpin that is most frequently ~55-70 nt in length, although some pre-miRNAs, particularly in Drosophila, are more than twice as long [16] . Cleavage by RNase III enzymes leaves behind a ~2 nt 3' overhang, and this feature of pre-miRNAs is recognized by the export factor Exportin-5 [17] . Once in the cytoplasm, pre-miRNA hairpins are recognized and cleaved within their stems about two helical turns from the base by the Dicer RNase III enzyme and its dsRNA binding partner TRBP (also known as Loquacious in Drosophila). This yields paired ~22 nt RNAs, known as the miRNA/miRNA* duplex, which exhibit characteristic 3' overhangs at either end [1] .
Strand terminology is an operational definition: the side that accumulates to a higher level is known as the "mature" miRNA, while its less abundant partner is referred to as the miRNA* or "star" strand. Generally speaking, the asymmetric accumulation of miRNA/miRNA* strands reflects the preferential loading of one strand into functional Ago complex, and the preferential degradation of its partner strand [18, 19] . Amongst conserved miRNA genes, mature miRNAs are generally embedded into much larger regulatory networks than their companion star strands. Nevertheless, this does not mean that miRNA* strands are merely carriers that solely promote miRNA biogenesis. In fact, many miRNA* strands are wellconserved, exhibit regulatory capacity [20] [21] [22] , and/or have distinct Ago sorting properties [23] [24] [25] .
mirtrons: miRNA biogenesis via splicing
Following the elucidation of the core aspects of canonical miRNA biogenesis, a number of non-canonical pathways have emerged [26] . The first alternative miRNA biogenesis pathway to be characterized, the "mirtron" pathway, marries intron splicing with dicing. Mirtrons were first recognized in the fly and worm, by virtue of cloned small RNAs that mapped precisely to the termini of short intronic hairpins [27, 28] . These loci gave rise to pre-miRNA hairpins with 3' overhangs and subsequently to mature ~22 nt species that function as typical miRNA-class regulatory RNAs, features that suggested their maturation by Dicer. However, their precursor stem lengths were shorter than with canonical primiRNAs, since they comprised only the miRNA/miRNA* duplex and lacked the lower stem of ~1 helical turn that typically recruits and mediates cleavage by Drosha/DGCR8 complex [14] . Instead, the fact that the resultant short RNAs directly abutted intron-exon boundaries suggested that splicing might substitute for Drosha cleavage.
Indeed, structure-function and knockdown studies verified that the mirtron pathway generates pre-miRNA mimics by splicing of short introns with hairpin potential. The initial spliced intron product is not linear, as with all spliced introns, but instead a lariat in which the 3' branchpoint is ligated to the 5' end of the intron. However, following resolution of this structure by lariat debranching enzyme, the intron can adopt a pre-miRNA fold and be transferred to the cytoplasm via Exportin-5, cleaved by Dicer, and loaded into Ago for target regulation [27, 28] (Figure 1B ).
Mirtrons were originally recognized in flies and worms, but similar loci (i.e., short hairpin introns associated with small RNA reads extending to intronic termini) were later recognized in rodents and primates [29, 30] , chicken [31] , cow [32] , and even rice [33] . The independence of mirtrons from Drosha and DGCR8 has now been validated by true genetic tests, since mirtron-derived small RNAs persist in Northern blots or libraries prepared from the corresponding Drosophila [34] and mouse [30, 35, 36] mutants. In fact, small RNA libraries from drosha and dgcr8 mutants appear to be enriched in mirtron-derived reads. It remains to be clearly established whether dicing of mirtrons is actually enhanced in these conditions, perhaps due to loss of abundant competing substrates from canonical miRNA loci. An alternative possibility is that it represents a normalization effect owing to the loss of the abundant canonical miRNAs reads in drosha/dgcr8 mutants. After all, something has to be sequenced in these libraries, so heterogeneous degradation products may also tend to be over-represented in these conditions. This may be controlled by careful selection of reference short RNAs for normalization, beyond simply normalizing to total mapped reads [30] . Such an approach has also been useful for the discovery of other small RNA derived from non-canonical pathways.
A particularly strict set of functional genetic tests was conducted in Drosophila, using a transgenic system in which repression of a GFP sensor bearing complementary sites to canonical or mirtron-derived miRNAs could be monitored in vivo [34] . In homozygous clones of cells bearing a null allele for the miRNA-generating enzyme encoded by dicer-1, neither a canonical miRNA or a mirtron-derived miRNA could repress their targets, reflecting their shared requirements for dicing. In contrast, cell clones homozygous for a null allele of pasha, encoding the obligate Drosha cofactor, failed to repress via a canonical miRNA but maintained strong activity of a mirtron [34] . These assays provide stringent evidence, in vivo, that mirtrons generate functional regulatory RNAs in cells that completely lack the canonical miRNA pathway.
"Add-on" mirtron pathways: 5' and 3' tailed mirtron loci
With conventional mirtron loci, the resultant small RNAs begin and end precisely with splice donor and splice acceptor sites. In other words, both ends of the pre-miRNA are generated by the splicing reaction. However, certain mirtron-like loci have been annotated where the small RNA-generating hairpin resides at one end of the intron. Two flavors of "tailed" mirtrons have been found, in which the unstructured extensions are found either 5' or 3' to the hairpin [27, 30] . The existence of such loci implies that the splicing machinery generates an RNA intermediate that must undergo additional nucleolytic processing, prior to eventual dicing.
The biogenesis of 3' tailed mirtrons was elucidated with respect to mir-1017, a locus that is highly conserved amongst the Drosophilids. The intronic sequence following the mir-1017 hairpin comprises a ~100 nt tail extending to the splice acceptor site [37] . As with canonical miRNAs and conventional mirtrons, mir-1017 can repress seed-matched target transcripts, indicating that this locus generates a miRNA-class regulatory RNA. After splicing and debranching, the 3' tail following the hairpin is then trimmed by the RNA exosome, the major eukaryotic 3'->5' exonuclease complex ( Figure 1C) . Knockdowns of four different exosome subunits revealed a common accumulation of the linear, untrimmed pri-mir-1017 intron [37] . However, in vitro reconstitution experiments indicated dependence of this reaction on the Rrp6 exonuclease, which is a specific component of the nuclear RNA exosome. This suggests that the trimming reaction occurs in the nucleus and is prerequisite to shorten the tail sufficiently to serve as an Exportin-5 substrate, as opposed to occurring in the cytoplasm to directly generate the Dicer substrate. Although it may seem dangerous to have an essential biogenesis step be carried out by a "professional" exonuclease complex, which normally degrades substrates entirely, the RNA exosome is known to be inhibited by stable secondary structures [38] . Indeed, in vitro processing reactions using reconstituted exosomes indicated their conversion of linear primary tailed mirtron substrates into stable pre-miRNAs [37] . Figure 2B ) is the only well-conserved 3' tailed mirtron currently known, but bioinformatic searches from deeply sequenced short RNA data revealed a family of other less-conserved 3' tailed mirtrons in D. melanogaster [37] . Curiously, no 3' tailed mirtrons have yet been identified in vertebrate species. Instead, a number of 5' tailed mirtrons ( Figure  2C ) have been found in chicken and various mammals [30, 32, 39] . Thus far, their biogenesis has not been studied in biochemical detail, except that analysis of appropriate mutant celltypes has established that at least some of these are Dicer-dependent, but Drosha/ DGCR8-independent [30, 36] . Presumably the biogenesis of 5' tailed mirtrons involves a different pathway than their 3' tailed brethren. A potential candidate to remove the 5' tails might be XRN1/2, the major 5'->3' exonucleases in eukaryotes, although this remains to be tested.
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Detection of mirtrons by experimental and computational methods
As discussed, the first mirtrons were discovered by virtue of cloned small RNAs that mapped precisely to the ends of short hairpin introns. In fact, the founding C. elegans mirtron mir-62 was originally annotated as a canonical miRNA [40] , and only later recognized as a mirtron [27] (Figure 2A ). Initial scans of the fly and worm genomes using then-available short RNA data yielded 14 fly mirtrons and 4 worm mirtrons [27] . In Drosophila, where the large number of sequenced fly genomes facilitates recognition of characteristic evolutionary signatures, a strong similarity in patterns of constraint for conserved canonical miRNAs and mirtrons is apparent. In particular, initial computational analysis of canonical Drosophila miRNAs revealed that their terminal loop regions evolve much more quickly than their stems [41] . The same was subsequently observed for vertebrate canonical miRNAs [42] , then for conventional mirtrons [28] , and eventually with 3' tailed mirtrons [37] . Such evolutionary similarities provided impetus to infer that mirtrons generate miRNA-class regulatory RNAs, even before the formal experimental proof was in hand.
The observation of an evolutionary signature for conserved mirtrons suggested that their discovery using comparative genomics might be possible. A computational scan for intronic hairpins that were conserved between primates and rodents, and exhibited accelerated divergence in the terminal loop relative to the stems, yielded 13 candidates. Three of these loci were validated as genuine mirtrons by corresponding intron-terminal small RNAs cloned in various primate and rodent species, indicating conservation over ~80 million years of evolution [29] . However, it has commonly been observed that substantial numbers of canonical miRNAs are not sufficiently conserved to be detected using phylogenetic analysis, even though they can be detected using deep sequencing [39, 43, 44] . Indeed, analysis of small RNAs from a panel of dissected portions of primate brains provided evidence for some 16 additional species-restricted mirtrons [29] . With the recent advent of deep sequencing, analysis of small RNA libraries has become the preferred method for small RNA discovery, including of mirtrons. In most of these cases, mirtrons were not specifically sought, but happened to be amongst the loci that could be annotated from large sequence data [39, [43] [44] [45] .
In addition to elucidating the mature small RNA bounds and the capacity to detect even weakly-expressed loci with sufficiently large datasets, a key advantage of the sequencing approach is that it does not rely upon species conservation. While computational prediction of miRNAs has been a lively research area for the past decade, reliable prediction of canonical miRNAs is currently possible only when incorporating comparative genomics. To our knowledge, none of the many available methods achieves a reasonable balance of sensitivity and specificity that can obviate the need for sequence-based validation of predicted loci. In other words, it is simply not possible to obtain a working rough draft of the canonical miRNA content of a given genome using a de novo genefinder, the way one might run a protein-coding genefinder and expect to be able to make credible estimates of gene content.
The difficulty of canonical miRNA prediction is in large part due to the substantial search space of genome-encoded hairpins with plausible similarity to known, high-confidence miRNAs. Folding of invertebrate genomes can yield on the order of 100,000 candidate hairpins [41] and folding of mammalian genomes yields millions of such candidates [46] . It may seem patently unreasonable to suggest that there are millions of mammalian miRNAs, especially when extensive cloning and sequencing efforts provide support for substantially fewer than one thousand [39] . Nevertheless, it is not yet clear what specific features permit only certain hairpins to serve as miRNA substrates. Some of the best canonical miRNA prediction programs [47, 48] show reasonably high (~60-95%) sensitivity and specificity. However, since the number of hairpin candidates is so large, these levels of specificity translate into tens or hundreds of thousands false positive predictions genomewide.
The difficulty in purely bioinformatic assessment of candidate miRNAs is further highlighted by the study of editing events or single nucleotide polymorphisms (SNPs). In some cases, SNPs are associated with seemingly substantial structural changes, but have little effect on in vivo processing [49] . Other cases of SNPs or editing may induce modest changes in hairpin quality, but can abolish miRNA biogenesis [50, 51] . Until we can reliably predict how single nucleotide changes in characterized miRNA genes might affect processing, it seems that assessing the competence of hairpins of arbitrary sequence and structure to transit the Drosha-Dicer pathway will continue to be a challenge.
With this in mind, it is notable that mirtrons were recently shown be amenable to relatively effective prediction from genomic sequence alone [52] . This effort was aided by data gained from a panel of structure-function tests that defined the key features of functional mirtrons in Drosophila cells. In particular, the 3' overhang was shown to promote effective processing, with 2 nt-3' overhangs seemingly optimal, consistent with known conformation of Exportin-5 substrates. In addition, extension of the intron, either by introducing additional stem sequence or unstructured nucleotides, was inhibitory to mirtron processing. This implied that shorter hairpin introns were preferentially processed. Beyond this, mirtron biogenesis was tolerant of broad changes to loop nucleotides and overall structure, beyond the need to maintain a decent level of hairpin structure. Interestingly, inspection of known mirtrons showed that a disproportionately high number of validated mirtrons had large internal loops (4-5 nt) that were comparatively rare amongst validated canonical miRNAs. This suggested that a highly progressive scheme for hairpin evaluation, shown to be effective for classification of canonical miRNAs [41, 53] , might inappropriately penalize functional mirtrons.
This knowledge was applied in a supervised learning approach to rank D. melanogaster introns on the basis of their likelihood to be Dicer substrates and generate short RNAs [52] . Three general sets of features were used to train a support vector machine (SVM): overhang conformation, stem loop features (bulges, base composition, etc.) and structural similarity to known mirtrons vs. non-mirtrons. The SVM classifier performed well in genomewide rankings of ~27,600 introns 50-120 nt in length, identifying 23 mirtrons amongst the top 52 predictions validated by small RNA sequencing data; 8 additional candidates had some support from small RNA reads.
Despite the fact that many novel mirtrons were found amongst high-scoring loci, a potential concern was that a substantial portion of the training set comprised the known mirtrons, raising the possibility of over-fitting. This was addressed by running the classifier anew on the C. elegans genome, for which only 4 mirtrons had been previously annotated. In fact, 13 confident and 2 candidate mirtrons amongst the top 27 predictions (from ~30,600 total 50-120 nt introns) were validated from deep sequence data, thus substantially increasing the catalog of nematode mirtrons [52] . Therefore, computational modeling is a feasible strategy for identifying the mirtron subset of miRNAs, and characteristic features distinguish mirtrons from bulk introns even in the absence of comparative genomic data.
It is clear that computational prediction of mirtrons has certain advantages compared to canonical miRNAs. First, restricting the search for mirtrons to short (50-120 nt) introns of protein-coding genes dramatically reduces the search space, compared to canonical miRNAs for which candidate hairpins are spread throughout the genome. Second, with mirtrons the exact splice site and nature of the hairpin overhang are known; thus only cleavage by Dicer has to be modeled. In contrast, models for canonical miRNAs must assess the likelihood of being both a Drosha and a Dicer substrate, resulting in more complex models with a larger parameter space. A corollary of this is that if the capacity of hairpins to serve as Drosha substrates could be predicted accurately, assessment of canonical miRNAs using solely computational evaluation may become feasible. This concept was proposed earlier [47] ; however, practical implementation remains to be demonstrated. Such efforts will undoubtedly be dependent on additional mechanistic knowledge for how the Drosha/ DGCR8 complex selects its preferred substrates.
Evolutionary origin of mirtrons
It is clear that the molecular coupling of Dicer and Argonaute proteins for small RNAmediated gene regulation was an ancient event during eukaryotic evolution. One notion is that this pathway may have its origins as a defense against invasive nucleic acids, such as transposable elements and viruses, which frequently have a signature dsRNA phase of their lifecycle. Perhaps subsequent to the assembly of the Dicer/Argonaute/small RNA pathway for genome defense, species may have recycled the capacity for endogenous gene regulation triggered by genome-encoded intramolecular dsRNAs encoded by inverted repeats. Although the small RNA products of endogenous inverted repeat transcripts comprise a wide variety of species produced by sundry biogenesis pathways, at the heart of it, these do include canonical and non-canonical miRNA genes [5] .
However, while there exist miRNAs that are well-conserved amongst plants, miRNAs that are well-conserved amongst animals, and even miRNAs in certain fungi (e.g. Neurospora), there are no miRNAs that can be confidently assessed to be common across these branches of life [5] . Moreover, there are clear differences between plant and animal miRNA biogenesis, and fungal miRNA biogenesis is even stranger still. Therefore, it is seems reasonable to infer that the capacity for miRNA biogenesis has emerged several times, taking advantage of a pre-existing pathway that processes dsRNA via Dicer and loads the resulting short RNAs into Argonaute.
With only a single exception (rice MIR1429) [33] , virtually all mirtrons have been annotated from animals. Certain mirtrons are well-conserved amongst Drosophilids, amongst nematodes, or amongst mammals; however, none are conserved across these animal clades. This is in clear contrast to canonical miRNAs, a number of which are perfectly constrained between invertebrates and vertebrates, and a few of which date back to early-branching bilaterians [54] . In addition, there appear to be substantial differences between Drosophila and mammalian mirtrons. In mammalian mirtrons the dominant ("mature") RNA species tend to originate from the 5' of the stem, whereas invertebrate mirtrons mostly produce 3' dominant species. Mirtrons in mammalian genomes are also much more GC-rich than invertebrate mirtrons, and thus form more stable hairpins. Finally, the overhangs differ between mammalian and invertebrate mirtrons: mirtrons in invertebrates most typically have 0:2 overhangs, whereas the proportion of mammalian mirtrons with 1:1 overhangs is higher [29] .
These observations may suggest that the mirtron pathway has itself evolved independently in different animal clades, building upon the backbone of a pathway that exports short hairpins bearing 3' overhangs to the cytoplasm, where they are specifically recognized and processed by Dicer. In this way of thinking, the existence of mirtrons reflects parasitization of a pre-existing canonical miRNA pathway. The notion of independent birth of mirtron pathways in invertebrates and vertebrates is supported by the fact that they have apparently been further parasitized by different tailing pathways; 3' tailed in invertebates and 5' tailed in vertebrates. Taken together, these diverse pathways seem to reflect remarkable flexibility to mix and match RNA processing pathways that may otherwise seem rigid and obligate, especially when drawn as model figures that imply dogma.
Fly and worm genes happen to have a high fraction of short introns, which coincide in length with typical pre-miRNAs [27, 55] . This may suggest that these species have an innate capacity to generate pre-miRNA mimics via splicing, since random evolution of the population of short introns (numbering 27-30,000 in flies and worms) will eventually generate hairpins. This certainly seems plausible, and is supported by the observation that many computationally predicted mirtrons in D. melanogaster and C. elegans could be validated as being endogenously diced into short RNAs [52] . On the other hand, since mammalian genomes have many more introns than fly and worm, their smaller fraction of short introns still results in a large absolute number of mirtron candidates. Furthermore, the proportion of tailed mirtrons is greater in vertebrates than in invertebrates. Since splicing does not need to generate both ends of the pre-miRNA, this opens up the potential pool for substrate evolution further.
Evolutionary flux of mirtrons
If we consider that mirtrons and canonical miRNAs evolve according to their own paths, then their respective evolutionary flux need not be expected to be identical. Indeed, the data currently available suggests that mirtrons evolve at a higher rate than canonical miRNAs; thus, there is not a universal rate of miRNA flux. As mentioned, no mirtrons have been found that are shared between mammals, flies and worms, in contrast to the many canonical miRNAs that are deeply conserved across the animal kingdom. Furthermore, detailed annotations of canonical miRNAs and mirtrons from deeply sequenced small RNAs from three species of Drosophilds clearly indicated that mirtrons evolve faster than miRNAs [43] . In particular, while mirtrons comprised only a small fraction of the deeply conserved miRNAs shared between all the sequenced flies, the proportion of mirtrons that were progressively more species-restricted progressively increased [43] .
A possible explanation for the more rapid evolutionary flux of mirtrons, compared to miRNAs, lies in their different biogenesis strategies. For a sequence to enter the canonical miRNA biogenesis pathway, it has to simultaneously adapt its conformation to become a substrate of Drosha as well as of Dicer. Since there are at most a few hundred known Drosha substrates in most animal species, becoming an efficient Drosha substrate may be a substantial hurdle. Indeed, the model that DGCR8 recruits Drosha to cleave near the junctions of single-stranded and double-stranded RNA [14] does not seem sufficient to explain their apparent specificity for bona fide miRNA substrates from amongst a forest of structure junctions across the transcriptome. There may exist additional necessary features, perhaps that may only become apparent at the level of three-dimensional hairpin structures. On the other hand, there are substantial pools of 10,000s of constitutively spliced short introns, from which Dicer substrates might emerge by random mutational processes.
Ultimately, for either a canonical miRNA or a mirtron to become evolutionarily fixed, it must acquire beneficial target interactions that outweigh their detrimental regulatory effects. It has been proposed that newly-evolved miRNAs likely have mostly detrimental effects, assuming that overall networks of gene regulation are honed to an optimal state by evolution, and introduction of a novel regulatory RNA is likely to induce inappropriate repression [56, 57] . However, under the right environmental or stress conditions, one can imagine that beneficial regulatory interactions might emerge, and eventually be subject to positive selection for increased biogenesis capacity of the miRNA, concomitant with purging of deleterious target sites. Such considerations apply equally to both canonical miRNAs and mirtrons, the difference being that mirtrons may have a tendency to arise more quickly. However, it must evidently be more difficult for mirtrons to be successfully stabilized into regulatory circruits, because mirtrons are also extinguished more quickly than canonical miRNAs [43] . The evolutionary underpinning to this difference remains to be understood.
Regulation by mirtrons in trans and in cis?
Biochemical studies have shown that the function of mirtrons is indistinguishable from that of miRNAs, with regard to repression of target genes in trans. To date, only a few endogenous targets of mirtrons have been validated in vivo. One potentially interesting example is that the tailed mirtron product miR-1017, which is specifically expressed from the intron of a neural-specific acetycholine receptor, directly represses yan, which encodes a repressor of neurogenesis [37] . This is reminiscent of the mutually repressive relationship between yan and the canonical miRNA miR-7 that is expressed in differentiating neural territories [58] . Otherwise, conserved targets of miRNAs derived from conserved mirtrons can be easily predicted as with canonical miRNAs. Although one must be cautious in interpreting the phenotypic relevance of lists of predicted targets, the observation of specifically conserved seed matches across a large cohort of genomes is a sensitive indicator for regulatory sites that are subject to functional purifying selection. For instance, the TargetScan rubric [59] , which focuses upon conserved seed matches in mRNAs, predicts on average 87 target genes for the fly mirtrons (ranging from 10 to 388 genes). Still, in vivo evidence of mirtron functions from knockouts remain to be studied, as no mirtrons have yet been specifically deleted. Care will need to be taken to avoid disruption of host mRNA processing, as with intronic canonical miRNAs [60] ; this may prove even more of an issue considering how short mirtron introns are.
It is worth noting that the average mirtron yields substantially fewer mature reads in small RNA libraries, relative to canonical miRNAs. Tissue specificity and/or regulated processing might confound the comparison of expression levels of any individual loci. However, aggregate analysis of several hundred million mapped D. melanogaster reads across a wide diversity of developmental stages and tissue/cell types indicated that the highest expressed canonical miRNAs generate ~1000-fold as many reads as the highest expressed mirtrons [61] . By this metric, it is expected that mirtrons will in general have more modest roles than canonical miRNAs. Nevertheless, it is clear that a number of Drosophilid and mammalian mirtrons have been strictly conserved over tens of millions of years of evolution [28, 29] , and these presumably have been selected for some biologically relevant functions. Reciprocally, the relatively high proportion of recently-evolved mirtrons, compared to canonical miRNAs, suggests that they may potentially influence species-specific characteristics.
In addition to trans-regulatory interactions, one may wonder whether mirtron biogenesis has any consequences in cis. Thus far, most annotated mirtrons seem to derive from constitutive splicing events. An exception is the Drosophila mirtron mir-2494, which is produced from an alternatively spliced intron of CG17560. It remains to be tested what effect, if any, the biogenesis of miR-2494 has on its host mRNA. Curiously, though, usage of the alternative splice site giving rise to the mirtron is predicted to place the remainder of CG17560 out of frame [52] . It is plausible that the act of mir-2494 biogenesis is used to regulate the translation of CG17560, either to inhibit the production of the full-length protein or alternatively to engage a shorter polypeptide product. Conversely, one may hypothesize that splicing regulation might conceivably serve to regulate mirtron biogenesis. Finally, there are many documented cases in which intronic basepaired structures serve to modulate splicing efficiency [62] [63] [64] . It is not known whether such regulatory possibilities exist for mirtrons, but they deserve experimental investigation.
Conclusions and Prospects
The elucidation of the mirtron pathway not only uncovered a strategy for miRNA biogenesis broadly applicable across animal (and even one plant) species, it provided a precedent for searches of additional non-canonical miRNA pathways. This has indeed proven to be a rich field of study, having produced a diversity of Drosha-independent pathways including other strategies that exploit aspects of snoRNA or tRNA processing for miRNA biogenesis [26] . Even more unexpectedly, a Dicer-independent pathway for miRNA biogenesis involving direct cleavage of short hairpins by Ago2 was elucidated most recently [65] [66] [67] . Certainly additional pathways remain to be characterized, including the nucleases responsible for 5' tailed mirtron biogenesis.
The demonstration that mirtrons are the first class of metazoan miRNA to be amenable to reasonably accurate computational discovery without consideration for evolutionary conservation is a promising advance [52] . One can already imagine that improvements may be had over the initial efforts. For example, retraining with the larger set of validated mirtrons now available may improve recall performance. There are certainly many additional Drosophild and nematode species that could serve as new testbeds to rule out overfitting. Certainly, a comprehensive analysis of species-restricted mirtrons across these invertebrate genomes could provide great insights into the dynamics of mirtron evolution. In addition, some mirtrons appear to derive from non-coding RNAs and unannotated introns [44, 52] . Therefore, it may be desirable to explore whether mirtrons can be discovered without relying upon precomputed locations of splice sites. This may provide a more fair assessment of "genomewide" predictions and the efficacy of mirtron discovery. Finally, it remains to be seen whether appropriate models can be developed for the computational discovery of vertebrate mirtrons.
On a final note, it is worth reflecting on how small RNA biogenesis interfaces with longer aspects of the transcriptome, beyond the facts that pri-miRNA transcripts are "long" and the fact that many canonical miRNAs are embedded in introns of protein-coding genes. Unlike the latter, mirtron biogenesis is directly linked to mRNA maturation, providing an unexpected precedent of the intersection of these RNA worlds. There is now also a growing appreciation of the possibility of Drosha cleavage of mRNAs [36, [68] [69] [70] , and even the production of miRNAs from coding sequences of mRNAs [61] . A class of endogenous siRNAs derives from the double-stranded regions of hundreds of convergently-transcribed genomic loci, especially from overlapping 3' UTRs [71] [72] [73] [74] [75] . Reciprocally, endogenous siRNAs can be generated along the length of gene bodies in mammalian oocytes, when subject to pairing to antisense transcribed pseudogenes [76, 77] . Finally, piRNA production from the 3' UTRs of thousands of Drosophila and mammalian protein-coding transcripts in certain gonadal contexts has been shown [78, 79] . Altogether, these myriad intersections between the short and long transcriptomes provide glimpses into a complex and interleaved organization of the genome, and diverse networks of cis-and trans-regulation that we are only beginning to understand. Introns entering the mirtron pathway are spliced and debranched by lariat debranching enzyme (Ldbr), after which they fold into pre-miRNA hairpins. (C) Tailed mirtrons also undergo splicing and debranching, after which the tails on the resulting hairpins are trimmed back. 3' tails are trimmed by the RNA exosome, while the enzymes responsible for 5' trimming are not known. All of these pathways generate pre-miRNA hairpins, whose subsequent steps of nuclear export, Dicer cleavage and loading into Argonaute complexes are shared. Examples of conventional and tailed mirtrons. (A) C. elegans mir-62 generates small RNA reads extending to both splice donor and acceptor sites, and the miRNA/star duplex exhibits a 3' overhang on the terminal loop side indicating Dicer cleavage of its precursor hairpin. The pre-miRNA hairpin displays the 0:2 overhang characteristic of invertebrate mirtrons. (B) Drosophila mir-1017 is a 3' tailed mirtron whose precursor intron exhibits a pre-miRNA hairpin initiating with the GUGAGU splice donor site, followed by a ~100 nucleotide tail on the 3' end. Otherwise, the properties of its cloned short RNAs are similar to conventional mirtrons. (C) Mouse mir-3103 is a 5' tailed mirtron, with a 23 nt 5' tail prior to a premiRNA hairpin that extends to the AG splice acceptor. In all schematics, the mature RNA
